Abstract: This paper demonstrates the importance of modeling the distribution network for studying the impact of conservation by voltage reduction (CVR) on voltage stability margin (VSM). Since CVR is deployed in the distribution system, modeling a detailed distribution system along with the transmission system is important. Existing transmission and distribution system solvers (PSSE and GridLAB-D respectively) that can handle large systems are leveraged for co-simulating the transmission and distribution (T&D) systems. The important contributions of this research are: demonstrating the importance of modeling the distribution network for VSM estimation and studying the impact of CVR on VSM. CVR is deployed by varying the taps of distribution substation transformer and long-term VSM is assessed with and without CVR. Overall, CVR has a negative impact on the long-term VSM and reduces the VSM of the system. This phenomenon is captured only when the distribution system is represented along with the transmission system. If the distribution system is just modelled as a lumped load, CVR effect of VSM is erroneously detected to be positive i.e., VSM increases with CVR. The study is extended to a system with distributed energy resources (DERs) and shows the CVR impact on VSM in presence of DER.
Introduction and Literature Review
Power system is generally divided into two sub-systems i.e., the transmission network which is a complex meshed network, operating at higher voltages and the distribution network which is usually radial in nature, operating at lower voltages. Generators are directly connected to the transmission systems by means of step-up transformers at the generating stations where as the loads are at the end terminals of various branches of radial distribution networks. Most recent technologies in distributed generation (DG), electric vehicles (EV) in the grid, smart grids or edge technologies are in distribution systems and form an integral part of fleet of distributed energy resources (DERs). The distribution system is evolving much faster than ever before. This evolution is forcing the load on the system to become uncertain and the difference between presence and absence of DER can be large. Therefore, modeling the distribution system is more important for power system studies.
In the real world, the loads are not constant and vary throughout the day and vary in their profiles throughout the duration of the year. There are specific portions of the load profile that are called base load, intermediate load and peak loads. The peak loads have higher magnitude of power and last for a relatively shorter duration. It is desirable to reduce this part of the load profile (peak load) as there is a cost associated with ramping generation on the grid to meet this increase in load for a short duration of time. Addressing these peak loads are technically and economically challenging for the power system operators. This cost of meeting the peak loads is usually transferred to power distribution utilities which have several programs aimed at reducing the peak loads.
A significant part of the load is voltage dependent load i.e., the load whose power consumption varies with the voltage such as constant impedance loads and constant current loads [1] . These voltage dependent loads are usually modeled as ZIP loads: Z-Constant Impedance; I-Constant Current; PConstant Power. Therefore, the load consumption can be reduced by reducing voltage on distribution feeders. This method of reducing power is popularly termed as conservation by voltage reduction (CVR) and is mostly used to reduce the peak load in a feeder [2] . However, the voltage can only be reduced to a certain limit and always needs to be within the ANSI standard voltage limit [3] . CVR has been successfully deployed by many utilities and has been studied by academia over the past few decades [2] .
Introduction to CVR:
It is important to know how CVR is implemented to understand its impacts on the distribution system and the transmission system. CVR is essentially reducing the distribution network voltage to a lower operating voltage to ensure power reduction in voltage dependent loads. This is usually done to reduce the peak loads to reduce the additional cost of handling peak loads often referred to as peak pricing. [4] An illustration of CVR with a typical voltage profile along an urban feeder is shown in Fig. 1 . According to this representation, the voltage on the feeder is kept at maximum possible value normally and to deploy CVR, it is reduced to the minimum allowed operating limit i.e., the lowest voltage on the feeder is 0.95 pu. It is important to understand that the utility deploys CVR very conservatively. The utility wants to earn maximum revenue from the customer bills and therefore the substation voltage is maintained close to 1.05 pu generally. Therefore, unlike its conventional full form, CVR can also be expanded as Conservative Voltage Reduction as the CVR is generally deployed only during peak loads during some days in a year. This paper is a preprint of a paper submitted to IET Generation, Transmission and Distribution, special issue on Unlocking the Full Benefits of TSO-DSO Interactions. If accepted, the copy of record will be available at the IET Digital Library.
Fig. 1. Illustration of CVR on a Typical Urban Feeder
CVR is essentially a distribution system phenomenon and there have been several studies conducted on CVR and its benefits. Pacific Northwest National Laboratory (PNNL) has conducted a detailed study that has concluded some important facts about CVR [5] . Based on a 20-year-old CVR scheme that is available in the public domain, PNNL reported the importance of considering the load models and distribution system solvers to analyze CVR and its benefits.
More recently, CVR's applications to smart grids are being studied to analyze its effects on future grid modifications along with DERs. There are some guidelines proposed in [2] for deployment of CVR in smart grids considering ANSI Standard c84. 1 [2006] [3] . Reference [2] highlight the pros and cons of CVR also provide a detailed survey of various publications on CVR and it covers the basic theory of how CVR functions. Reference [2] also provides details of quantifying the effects / benefits of CVR: the benefits of CVR are quantified by CVR factors (CVRf). The CVRf are the change in the physical parameter of interest for 1% voltage reduction. Reference [2] , [5] mentions the use of distribution system analysis tools for studying the CVR benefits for energy and power reduction as an effect of CVR. They have used similar methods for analyzing the effects of CVR on peak load reduction. However, reference [2] does not discuss the impacts of the transmission system behavior on the distribution system voltage control or reduction of voltage by CVR deployment. Most of the literature has captured the effect of CVR on real power.
Reference [6] has proposed the use of multistage support vector regression to analyze the benefits of CVR by estimating the change in the physical parameter by reduction of voltage or deploying CVR. CVR benefit studies are mainly focused on energy conservation or peak demand reduction [6] - [8] . However, none of these studies account for the effects of voltage reduction in the distribution network in terms of stability of the distribution system or the transmission system.
Most of the literature discuss the application of CVR for cost reduction, energy savings, or peak demand reduction and have considered only the impact of CVR on real power. There is little done to understand the impact of CVR on reactive power and therefore, stability of the system. It is well known that voltage and reactive power are closely coupled in the power network.
There is some work found during the literature review that have studied the impact of DER integration to the distribution network under CVR deployment conditions [9] . Reference [9] , reports some findings from simulation studies of the effects of CVR in presence of DGs in the distribution network. The authors of [9] report the impact of CVR in presence of DG by improvement of the voltage profile of the distribution grid. This analysis is also focused on the real power reduction in the distribution network.
CVR and Voltage Stability:
It is a very well-known fact that in power systems, voltage and reactive power are very closely related and are strongly coupled. Under CVR deployment, it is of interest to understand how the voltage reduction impacts the reactive power that in turn is closely related to the voltage stability. Before addressing the inter-dependency of CVR and voltage stability, we discuss the state of the art in analyzing the impact of considering the distribution system for voltage stability studies.
The loads that are increased for assessing the voltage stability margin (using P-V Curve) of the system are located at the end terminals of the radial distribution feeders. CVR affects these loads and therefore, capturing this is important. State of the art in distribution system voltage stability suggests that, like in case of the transmission system, there is a point beyond which there cannot be any further load increase in the distribution network. Reference [10] identifies that the distribution system voltage stability limit is reached before the transmission system voltage stability and it impacts the overall system stability margin. Reference [10] also uses T&D cosimulation approach to arrive at this conclusion. It uses the concept of stable and unstable operating areas by means of a hyper-surface of the distribution network and the corresponding transmission system operating limit. Reference [11] reports that modeling the distribution gives a more accurate understanding of the entire system stability margin. It reports the findings using some form of representation of the distribution system on the transmission side by considering the distribution feeder R/X ratio. It is known that distribution feeders have R/X≈1. This factor affects the losses and the stability of the system in a major way. Reference [12] talks of assessing the distribution system maximum loading point by means of a continuation power flow method. It considers IEEE 33 bus radial system modeled as a balanced system and has studied the impact of DG penetration on the voltage stability of the distribution system. Reference [13] , indirectly talks of distribution system stability in terms of impact of voltage control of DG for improving the voltage profile of the distribution system thereby effecting the voltage stability of the distribution system. There has been no literature found that talks of the effect of system unbalance on the voltage stability margin and this is an important aspect. 3-phase unbalanced system has high mutual coupling between the phases and will have a significant effect on the distribution system operations and effect of this is captured in the present research.
Under CVR deployment, there is a reduction in the net load in the distribution system this also includes the reactive power demand. Therefore, it is of interest to understand how CVR effects the load margin of the transmission system or the complete system. Since CVR is a distribution system phenomenon, it is also important to study these impacts on the transmission system considering the distribution system modeled in detail. By intuition, there are two important aspects of CVR that are closely related:
1. Because of reduction in voltage, there is a reduction in the real and reactive power demand and this should help the transmission system voltage stability margin. 2. Also, due to CVR, the load seen by the transmission system is reduced, it should allow a higher load increase on the transmission system that in turn should help to increase the transmission system voltage stability margin/ load margin. 3. When the load is reduced due to CVR, the transmission side voltage should increase: another intuition that CVR may help the overall system stability. These intuitions motivate the present investigation on impact of CVR on voltage stability margin (VSM) considering the distribution system model. Further part of this section deals with the literature survey to understand the state-of the art for inter-dependence of CVR and voltage stability.
The state of the art for voltage stability and CVR is not well developed and needs further research. However, there was one reference that was captured that talks about CVR benefits and reports that CVR improves the voltage stability of the system [14] . There is one more paper that discusses use of partial co-simulation to study the impact of CVR on load margin [15] . This paper highlights the importance of considering the distribution network behaviour by comparing the change load margin due to CVR with aggregated and de-aggregated distribution system. Reference [15] uses the continuation power flow method [16] to assess the long-term voltage stability margin of transmission system. There is no literature that studies the impact of CVR on the long-term voltage stability margin considering the distribution system in detail. The results of [15] suggest that for the aggregated load case i.e., only with transmission system analysis, CVR increases load margin by 1.835% whereas for the same case with partial co-simulation, the increase in margin due to CVR is reduced to 0.399%. This clearly indicates considering only transmission system for analysis of distribution phenomenon on system behaviour is not advisable and the distribution system model should be considered. There are not many references found that discuss the impact of CVR and voltage stability. This paper contributes investigations and findings to understand the impact of CVR on long-term voltage stability margin considering the distribution system in detail. A small part of the literature overlaps with understanding the effect of CVR on voltage stability margin i.e., the effect of on-load tap changers (OLTC) on voltage stability [17] - [20] . However, the literature does not demonstrate the impact of modeling the distribution system in their studies. Existing literature discuss CVR in detail, however, very few of them talk about impact of CVR on long-term voltage stability margin at the transmission system. Furthermore, for the transmission network studies, all of them consider only the aggregated or lumped loads connected at the transmission system load bus rather than considering the loads spread throughout the entire distribution network.
Since CVR is a distribution system phenomenon, studying its impact requires a suitable method of modeling and analyzing the distribution system. Due to CVR, the power consumption of the loads is reduced, and it is of interest to know how this reduction in load affects the transmission system performance. The distribution system today is evolving fast due to the penetration of distributed energy resources (DERs), especially solar PV generation at the residential level and utility scale. The penetration of DER is prevalent to various levels in the distribution system depending on the geographical location and time of the year. The introduction of DERs has brought new challenges to the transmission system operation due to the uncertainty in load and generation. Therefore, it is important to account for the distribution system in a reasonable way. Table 1 shows the main differences between the transmission and distribution systems. The distribution system and transmission system are usually analyzed using respective solvers/software that incorporate their characteristics to make computations and simulations efficient. However, the most effective method of incorporating both transmission and distribution systems in a single simulation is to co-simulate them.
The present paper we summarize and emphasize the importance of considering the distribution system representation for voltage stability studies and demonstrate that T&D co-simulation can effectively capture the system un-balance effects on the long-term voltage stability margin. This is extended to study CVR its impact on the long-term voltage stability by looking into detailed distribution systems along with transmission system. As described above, transmission-distribution co-simulation is an effective method for the mentioned investigations and study.
T&D Co-Simulation Framework
To simulate the transmission system and distribution systems together a T&D co-simulation framework is needed. We have developed a simple interface to efficiently cosimulate commercial transmission and distribution system software. It is important to understand that the present work related to the co-simulation framework development is not development of new transmission system or distribution system solvers. The T&D co-simulation interface is developed using Python to exchange the substation parameters of the net real and reactive powers at the substation and the transmission system load bus voltage. The Python interface is used to run transmission system solvers like PSSE, PyPower. PyPower is an open source software for transmission system powerflow studies. The Python interface is programmed to exchange the data between the transmission and distribution system solvers and ensure convergence of every operating point co-simulated. The distribution system solvers treat the substation as a swing bus and the voltage derived from the transmission system powerflow solution is treated as the swing bus voltage for the distribution system powerflow.
Using the voltage at the substation, the 3-phase unbalanced distribution system powerflow is performed. At the end of the distribution system powerflow, the total load and loss at the substation which is the net load seen at the transmission system load bus is determined. The determined values of the real and reactive powers are transferred to the transmission system solver and the transmission system load bus parameters are updated with the new values. The transmission system is solved with the updated powers at the load buses. This is repeated till the substation voltage converges with a pre-determined tolerance.
The distribution system solver used is GridLAB-D due to its evolution and popularity among the research Root node is treated as swing bus.
Line R/X ratio < 1 Line R≈X.
community as a well-known and established distribution system solver. It can be used to model the distribution systems all the way to the house level on the distribution feeder. T&D co-simulation working is based on Master-Slave (MS) method for solving coupled sub-systems in a decoupled way [21] , [22] . The master-slave splitting is done at the substation. The net real and reactive powers and the load bus voltage are exchanged till the operating point converges as can be seen in Fig.2 . The transmission system is analysed in per phase method and the distribution system is analysed using complete 3-phase unbalanced methods. This method efficiently captures the 3-phase unbalanced nature of the distribution system while preserving the easy computations resulting from per-phase analysis for the transmission system.
Fig. 2. Illustration of the T&D Co-Simulation Performed

Importance of Modeling Distribution Network in Detail
It has been discussed in the previous section that there have been some studies performed to understand the factors influencing voltage stability assessment of the system. This section will briefly explain the importance of modeling the distribution system in detail for complete system studies and will demonstrate the importance with focus on importance of modeling the distribution system for long-term voltage stability margin assessment using P-V curves. The details of this investigation can be found in [23] .
Modeling Detailed Distribution Systems for Voltage Stability Studies
It is important to relate the simulation studies with the realworld physical system. When we use the P-V curve method for voltage stability analysis, we usually increase the lumped load on the load bus of the transmission network. We ignore the sub-transmission and distribution network that is intermediate to the transmission load bus and the physical locations of the load that are increased. It is also important to understand the different ways of representing distribution systems in detail and the various distribution system characteristics that are captured or missed for voltage stability studies. This is explained in [23] in detail and the conclusion summary of [23] is shown in Table 2 . It can be seen from the Table 2 that T&D co-simulation can capture the complete power system in the best possible way without having to sacrifice the advantages of either system by completely using a single modeling method or solving method. We can still take the advantage of the per phase analysis on the transmission network while capturing the 3-phase unbalance and finer details of the distribution system modeling when we co-simulate transmission and distribution systems. [23] Fig . 3 shows four − curves corresponding to first, second and fourth columns of Table 2 . These simulations use IEEE 9-bus transmission system and IEEE 4-bus distribution systems. The curve in red colour corresponds to the transmission system where the distribution system is modelled as a part of the load i.e., distribution system losses are modeled linearly in the system. The grey curve shows the case with a calculated equivalent distribution feeder with equivalent resistance and reactance. The equivalent resistance and reactance are calculated based on the net load and netloss seen at the substation. Since equivalent feeder representations is in per-phase, it assumes a balanced distribution system. The blue curve is obtained by T&D cosimulation with a balanced distribution system and it can be seen that the grey curve and the blue curve are close and the for these two are almost same. The black curve is for T&D co-simulation with an unbalanced distribution system and the error for the load margin with the grey curve is large. Therefore, T&D co- simulation is important to accurately assess the voltage stability margin considering a significant unbalance in the distribution networks. The difference in the blue and black curves is because the voltage stability margin is related to the stability margins of the individual distribution feeders and for the understanding the voltage stability margin for the complete system, understanding the distribution feeder voltage stability is also important. Since CVR is a distribution system voltage control, accounting for the impact of the voltage control on the distribution system is important.
Fig. 3. Voltage Stability Curves with Various Method of Simulations
Impact of CVR on VSM
CVR is essentially reducing the distribution system voltage to reduce the power consumption of the voltage dependent loads. Since voltage and reactive power are closely related in power system, it is of interest to know how the reactive power is affected due to the reduction in the voltage of the distribution system. Since CVR is a distribution system phenomenon, we first look at impact of voltage reduction in distribution system. We have considered 4-bus distribution network to do this analysis. CVR is implemented by changing the substation voltage from 1.05pu to 1pu. Since the loads in the system have a significant voltage dependence, we use ZIP loads models. ZIP load is considered the standard ZIP profile, [Z I P] = [0.4 0.3 0.3] which means 40% is constant impedance load, 30% is constant current and 30% is constant power loads.
It can be seen from the results in Table 3 that CVR not only impacts the real power but also reduces the reactive power demand at the substation. This reduction of real and reactive power demand reduction, according to intuition, should positively impact the transmission system VSM. Simulations were conducted based on the methodology described in the literature shown as Case 1 below; and T&D co-simulation using the simple IEEE 4-bus distribution network shown in Case 2 corresponding to Table 3 .
Impact of CVR on Voltage Stability MarginCase 1: Distribution System as Lumped Load
Fig. 4. Voltage Stability Curves with and without CVR with only Transmission System (No Distribution System Modeled)
The study mentioned in the literature [19] , is repeated for the IEEE 9-bus system modified to include distribution transformers at the load buses. These transformers are used to simulate the CVR condition by reducing the secondary taps of the transformers. The result (Fig.4) shows an increase in the Load Margin by 1.93% which is similar to the case reported in [20] also.
Impact of CVR on Voltage Stability MarginCase 2: Distribution System modelled through T&D Co-Simulation
This case uses T&D co-simulation. Further details for this result are explained in next sections. It is important to note that the long-term VSM actually decreases rather than increases as shown in Fig. 5 . Though by not a large amount ~ 2-5 % but the estimation of the impact of CVR on the load margin is negative and the deployment of CVR on the distribution system should be taken into account while estimating VSM of the system.
Fig. 5. Voltage Stability Curves with and without CVR using T&D Co-Simulation (9-bus Transmission + 4-bus Distribution)
Analytical Understanding of Impact of CVR:
Let us consider a simple 2-bus system, but, with a distribution system transformer and an equivalent distribution feeder along and then the load as shown in Fig. 6 .
Fig. 6. A Simple 2-Bus System with Distribution Transformer and Equivalent Distribution Feeder
We will use the system shown in Fig. 6 to understand what happens to the system under CVR deployment. We will use the distribution system transformer to simulate CVR by reducing the secondary turns of the secondary winding from 2 2 ′ . Superscript ′ denotes the physical quantity under CVR. Let the turns ratio of the distribution transformer be 'k', where:
The equivalent impedance between the generator bus, 'Bus 1' to the load bus, 'Bus 4' is given by:
Now, CVR deployment is simulated by reducing the number of secondary windings of the distributoin transformer: It can be clearly seen that due to the deployment of CVR the effective impedance between the generator and the load is increased and this is the reason for the reduced load margin due to CVR. Continuation Power Flow method described in [16] is used to understand the effect of CVR for a ZIP load with an equivalent distribution feeder modeled at the load bus of the IEEE 9-bus system. The result is shown in Fig. 7 .
Fig. 7. Bifurcation Diagram for 9-bus system with Equivalent D Feeder
In an unbalanced system, one of the phases reaches its stability limit before the other phases and can cause a more severe impact to the voltage stability margin and this can be seen from the T&D co-simulation results. Fig. 8 shows the P-V curve for the IEEE 9-bus transmission system with IEEE 4-bus distribution feeder at load bus (the same as Case 2 above in Sec 5.2). From Fig. 8 , we can see for the case with CVR, due to the reduction in voltage, the load is also reduced but because there is increase in the effective impedance between the generation and load, the system collapses for a lesser load increase.
Fig. 8. PV-Curves with and without CVR for IEEE 9-Bus Transmission and IEEE 4-Bus Distribution CoSimulation with Load Curves
It should also be noted that due to the varied nature of the load, the impact of CVR on the voltage stability margin can be different.
Influence of the Nature of Load on Impact of CVR on Voltage Stability Margin:
Three ZIP load profiles with dominating natures of constant impedance, constant current and constant power are studied to understand the impact of the nature of load on the impact of CVR on long-term voltage stability margin. The real and reactive powers of a generic ZIP load is represented as:
= 0 ( 
For a given system, the is fixed but the margin changes with the value of . It can be seen from equations (7) and (9) that the value of is the least for ZIP1 because, when CVR is deployed, V is reduced, and the constant impedance fraction is the highest in ZIP1. The impact of CVR on VSM is least for ZIP1 as reduces maximum with the reduction in the voltage hence the reduction in VSM is least.
The results of the % reduction in the voltage stability margin for the three ZIP profiles with various dominating parts of the load are given in Table 4 . This is important from a power system planning and operations perspective also as the nature of load that is getting added to the system will impact the control of the distribution system like CVR.
Impact of CVR on VSM with Voltage
Regulators:
Voltage regulators are an important part for this study as the voltage regulator taps are held in fixed positions when CVR deployment is done. A slightly larger system is considered for this analysis the IEEE 123-bus network is considered which has 4 voltage regulators. The CVR simulation is slightly relaxed without holding the regulator taps fixed. This is done to see CVR effect on the voltage margin in the best case where the regulators are still functional and can boost the voltage.
It can be seen from Fig. 9 that the VSM is reduced by 3.11% due to deployment of CVR. The regulator operations can be seen in the PV curves and it can be seen that the regulators saturate at the upper limit for a lesser load increase under CVR conditions. This is an important observation as the financial savings got due to CVR (at peak load due to peak pricing) come with a tradeoff. For an increased load over time, if the same amount of VSM needs to be maintained in the system with CVR, there is a need for additional voltage regulating devices that involves financial investment ($$). There is a need for cost- benefit analysis that the utilities must undertake, to understand the frequency of CVR, the money saved from CVR deployment and the time required for investment of the saved money in the form of voltage regulating devices. The simulation results so far clearly show that, CVR though increases the transmission side voltage due to the load reduction, it also makes the system less secure in terms of the long-term voltage stability margin as the reduction in the voltage causes an earlier collapse of the system. This behavior can be captured effective only by modeling the distribution system in detail.
Fig. 9. PV-Curves with and without CVR for IEEE 9-Bus
Transmission and IEEE 123-Bus Distribution CoSimulation
Influence of DER on CVR's Impact on VSM:
DG in the form of solar PV is considered on the IEEE 123-bus distribution system along with the 9-bus transmission network. We have considered addition of 60% DG operating at both unity power factor (UPF) more and also operating in volt-var control (VVC). We perform CVR in a similar way as described earlier, but, when CVR deployment is simulated, we also reduce the voltage set-points of the DG to 1 pu to simulate CVR using VVC. The volt-var control implemented is the standard droop control. The voltage set-point under no CVR conditions is 1.05 pu and under CVR deployment, it is changed to 1 pu. The simulation results for this case also indicate that the % reduction in margin is significant due to deployment of CVR as shown in Table 5 .
It is interesting to see that even under the presence of DG, the VSM of the system improves but for each case, under CVR deployment the voltage stability margin (VSM) is negatively impacted. It is interesting to note that under VVC the reduction in margin is much higher due to CVR, this is because, under VVC the voltage is maintained at the set-point for a longer duration for an increase in the load causing the voltage dependent loads to be higher and under CVR conditions, the system reached the collapse point for a lesser increase in the load or the load increase parameter. Overall, CVR negatively impacts VSM of the system and in the presence of DG operating in VVC, CVR deployment results in a lesser VSM of the system. Between VVC and UPF the % reduction in margin is more in case of VVC because the distribution system voltage is set to a lower value at all the buses with DG as the DG smart inverters are used to perform CVR and the voltage set points of the nodes is reduced from 1.05 to 1 pu which cases a further reduction in the VSM.
Discussion and Conclusions
This paper highlights and reemphasizes the need to consider the distribution network in detail for performing accurate system studies. This is especially important for system studies moving forward, as the distribution system is rapidly evolving and is no longer a passive consumer of electricity. With the high proliferation of various distributed energy resources (DER) and inverter based DERs, the distribution network is evolving fast. Transmission and distribution co-simulation is an effective tool to capture the distribution system evolution. Even steady state analyses are impacted as the unbalance in the distribution network is significant and can have a major impact on the results and conclusions that are drawn from these analyses.
T&D co-simulation is particularly needed for long-term voltage stability margin estimation. For P-V curve analysis, the load that is increased in the system is located at the end terminals of the radial distribution feeders. The intermediate network should be considered, at least, as an equivalent feeder assuming the distribution network is balanced. If the network is unbalanced, then T&D co-simulation is the best way to capture the effect of unbalanced distribution network.
Based on the simulation studies and analysis of results, it can be concluded that CVR has a negative impact on VSM and the overall system VSM is reduced due to CVR. The results also suggest the need for a cost-benefit analysis between the amounts of savings got due to CVR v/s the cost of adding voltage regulating devices to ensure similar VSM for increased load. 
